Abstract Antiretroviral therapy has changed human immunodeficiency virus (HIV) infection from a near-certainly fatal illness to one that can be managed chronically. More patients are taking antiretroviral drugs (ARVs) for longer periods of time, which naturally results in more observed toxicity. Overdose with ARVs is not commonly reported. The most serious overdose outcomes have been reported in neonates who were inadvertently administered supratherapeutic doses of HIV prophylaxis medications. Typical ARV regimens include a "backbone" of two nucleoside reverse transcriptase inhibitors (NRTI) and a "base" of either a protease inhibitor (PI) or nonnucleoside reverse transcriptase inhibitor. New classes of drugs called entry inhibitors and integrase inhibitors have also emerged. Older NRTIs were associated with mitochondrial toxicity, but this is less common in the newer drugs, emtricitabine, lamivudine, and tenofovir. Mitochondrial toxicity results from NRTI inhibition of a mitochondrial DNA polymerase. Mitochondrial toxicity manifests as myopathy, neuropathy, hepatic failure, and lactic acidosis. Routine lactate assessment in asymptomatic patients is not indicated. Lactate concentration should be obtained in patients taking NRTIs who have fatigue, nausea, vomiting, or vague abdominal pain. Mitochondrial toxicity can be fatal and is treated by supportive care and discontinuing NRTIs. Metabolic cofactors like thiamine, carnitine, and riboflavin may be helpful in managing mitochondrial toxicity. Lipodystrophy describes changes in fat distribution and lipid metabolism that have been attributed to both PIs and NRTIs. Lipodystrophy consists of loss of fat around the face (lipoatrophy), increase in truncal fat, and hypertriglyceridemia. There is no specific treatment of lipodystrophy. Clinicians should be able to recognize effects of chronic toxicity of ARVs, especially mitochondrial toxicity.
Methods
We conducted a comprehensive search for articles related to toxicity of HIV medications. A keyword search with controlled vocabulary was performed. We used the PubMed Medical Subject Headings controlled vocabulary thesaurus for indexing articles including clinical trials, meta-analyses, practice guideline, and reviews. Additionally, Google and Google Scholar were all searched using the following terms: drug toxicity, adverse drug reaction, HIV fusion inhibitors, HIV protease inhibitors, nucleoside reverse transcriptase inhibitor, nonnucleoside reverse transcriptase inhibitor, integrase inhibitor, anti-HIV agents, antiretroviral agents, CCR5 receptor blocker, nucleotide reverse transcriptase inhibitor, specific antiretroviral drug names, drug interactions, and names of frequently used recreational drugs. Textbooks of pharmacology and medical toxicology were also reviewed for references.
Clinical Use of ARV Drugs (ARVs)
The goal of therapy is to suppress HIV viral load, restore immune function, prevent HIV transmission, prevent resistance, and improve quality of life. There is some debate about when to initiate ARVs, and there has been a trend toward earlier initiation. Experts recommend initiating for CD4 count≤500 cells/μL, pregnancy, coinfection with hepatitis B or C, age >60 years, HIV-associated nephropathy, acute primary HIV infection, coinfection with tuberculosis, and presence of opportunistic infections [1] .
Early attempts at use of single-agent therapy resulted in viral resistance. Antiretroviral regimens today typically have three drugs, consisting of two NRTIs with either a boosted PI or a NNRTI. In treatment-naïve patients, the use of four-drug regimens does not result in improved outcome and introduces more adverse effects [2] . HIV specialists commonly refer to the two-drug NRTI combination as the "backbone" and the PI or NNRTI as the "base" of the regimen. In PI-based regimens, a low dose of a second PI, ritonavir, is often used to interfere with cytochrome P450 (CYP) metabolism of the principle PI and thereby increase its concentration. This practice is typically referred to as "boosting." Darunavir/ritonavir and atazanavir/ritonavir are usually the preferred boosted PI combinations while efavirenz is the preferred NNRTI. Recently, the integrase inhibitor raltegravir has emerged as another option as a "base" in three-drug therapy. In special circumstances NRTI-sparing antiretroviral therapy with PIs and an integrase inhibitor or NNRTI (i.e., darunavir/ritonavir and etravirine or darunavir/ritonavir and raltegravir) may be used. An ideal regimen meets treatment goals with a minimum of adverse effects. Care should also be taken to ensure the patient can adhere to the regimen by reducing "pill burden." Oncedaily regimens are associated with better adherence [3] .
The majority of toxic effects from ARV result from adverse drug effects of therapeutic doses of ARV and drug-drug interactions. Overdose, either intentional or unintentional, with ARV is rare. Following the introduction of zidovudine, there were a number of reported overdoses [4] . The more recent reports have been of unintentional supratherapeutic administrations in neonates [5] [6] [7] .
The relative paucity of intentional overdoses is also seen in yearly data collected by the American Association of Poison Control Centers in the National Poison Data System (NPDS) ( Table 1 ). An examination of the last 5 years (2007-2011) of published poison center data, describing single antiretroviral exposures, demonstrates that the majority of the single exposures can be accounted for by unintentional ingestion. When examining the outcome of these single exposures, the data demonstrate the "None" outcome (indicating no effect), was most common. Additionally, developing a "Major" outcome or death from ingestion, whether the motive intentional or unintentional, was very rare in each year evaluated. The number of adverse reactions recorded over this 5-year period was fairly uniform [8] [9] [10] [11] [12] . Comparing these data to the data from 10 years prior (2002) demonstrates an overall decline in adverse reactions from 85 in 2002 to 16 in 2011 [13] . This may be a result of the use of safer medications or coformulation of medications in ways that decrease the opportunity for unintentional overdose. However, the decrease in reports may also be due to increased clinician comfort in dealing with adverse effects of ARV and 2007  279  203  60  0  16  68  32  10  2  0  2008  277  209  53  1  14  65  20  11  1  0  2009  390  320  45  0  23  89  39  8  2  0  2010  354  277  63  0  14  91  30  18  0  1  2011  371  296  55  2  16  78  34  9  0  0   Table reproduced from the NPDS annual reports 2007-2011 [ [8] [9] [10] [11] [12] less perceived need to get assistance [8] [9] [10] [11] [12] [13] . Overall, these data represent a fraction of actual events as not all events are recognized, and not all recognized events are reported.
Antiretroviral Drugs

Reverse Transcriptase Inhibitors
Reverse transcriptase inhibitors (RTIs) inhibit transcription of viral RNA into proviral DNA. The RTIs are subdivided into nucleoside reverse transcriptase inhibitors (NRTIs), for which zidovudine is the prototype, and the NNRTIs, for which nevirapine is the prototype. In the United States, commercially available NRTIs include abacavir, emtricitabine, didanosine, lamivudine, stavudine, and zidovudine. Because tenofovir has a phosphate group bound to the nitrogenous base, it is actually a nucleotide analog, not a nucleoside analog. However, this nucleotide reverse transcriptase inhibitor is traditionally included in the NRTI class. Commercially available NNRTIs in the U.S. include nevirapine, efavirenz, rilpivirine, and delavirdine.
Intentional overdose with NRTIs occurs less frequently than unintentional overdose, and the majority of adverse effects are seen with chronic use.
Nucleoside Reverse Transcriptase Inhibitors (NRTIs)
There are seven NRTIs that are commercially available for use in HIV in the United States. There are adverse effects that are specific to individual NRTI drugs (see Table 2 ). The hallmark toxicity of the NRTI class is mitochondrial toxicity, which may manifest as peripheral neuropathy, myopathy, lipoatrophy, or hepatic steatosis with lactic acidosis (see section on "Mitochondrial Toxicity").
Abacavir (ABC)
Abacavir (Ziagen™) is a dideoxy-guanosine analogue. Abacavir is not a substrate for CYP. Approximately 30 % of its metabolism is by alcohol dehydrogenase and 36 % by glucuronidation. The serum half-life is 21 h [14] . As with other NRTIs, abacavir is phosphorylated intracellularly to an active metabolite. The phosphorylation effectively "traps" the drug within cells. The presence of the HLA-B*5701 gene allele is associated with elevated odds of developing a hypersensitivity reaction [15] . The hypersensitivity syndrome develops early after initiation of abacavir in 2.3-9 % of adults and children without HLA-B*5701 testing [16] . The practice of screening for HLA-B*5701in patients considered for abacavir reduces the incidence to nearly zero. The syndrome, which may occur within 6 weeks of starting the drug, is characterized by fever, rash, gastrointestinal symptoms, generalized malaise, fatigue, achiness, and/or respiratory symptoms. In severe cases, patients develop anaphylaxis, renal failure, or hepatic failure. Clinical manifestations and etiology are similar to that of the drug reaction with eosinophilia and systemic symptoms or Steven's Johnson syndrome/toxic epidermal necrosis. Abacavir should be stopped immediately if symptoms occur. Abacavir has also been associated with increased risk of myocardial infarction in epidemiological studies [17] . However, a recent meta-analysis found no increased risk of cardiovascular events [18] . Overdose with abacavir has not been reported.
Didanosine (ddI)
Didanosine (Videx™) is an analogue of deoxyadenosine. The triphosphate metabolite acts as a competitive inhibitor of HIV through chain termination. Didanosine is renally eliminated. The serum half-life is 1.5 h; the phosphorylated active metabolite maintains an intracellular half-life of 25-40 h [19] . The intracellular half-life describes the amount of time the drug maintains a concentration within the CD4 cell, where it is active. The intracellular half-life can provide a better estimate of the drug duration of action than the serum half-life. The most significant drug-limiting toxicities associated with use of ddI include pancreatitis, peripheral neuropathy, hepatic steatosis, and lactic acidosis, which are manifestations of mitochondrial toxicity. Peripheral neuropathy is thought to be dose-dependent and develops in approximately 20 % of individuals, while pancreatitis may occur in 1-7 % of patients receiving didanosine [20] . This drug is rarely used because of toxicity. Overdose with didanosine has not been reported.
Emtricitabine (FTC)
Emtricitabine (Emtriva™) is a dideoxycytidine analog with a structure and resistance profile that is similar to lamivudine (3TC.) The drug differs from lamivudine in the addition of fluorine to emtricitabine, which alters its pharmacokinetic and pharmacodynamic characteristics. Like lamivudine, emtricitabine is renally eliminated via glomerular filtration and tubular secretion. Emtricitabine has a serum half-life of 8-10 h. The intracellular half-life of the active metabolite may be as long as 39 h [21] . Although the clinical significance of a longer intracellular half-life of emtricitabine compared with lamivudine has been debated, this may help prevent development of K65R mutations when co-administered with tenofovir. Emtricitabine is used in popular combination drug formulations, including emtricitabine/tenofovir (Truvada™) and efavirenz/emtricitabine/tenofovir (Atripla™.) Druglimiting toxicities of emtricitabine are uncommon and generally include hyperpigmentation of the palm and sole, headache, gastrointestinal upset, and rash [22] . Emtricitabine does not cause significant mitochondrial toxicity. Overdose with emtricitabine has not been reported.
Lamivudine (3TC)
Lamivudine (Epivir™) is a dideoxycytidine analog similar to emtricitabine. Lamivudine is renally eliminated via glomerular filtration and tubular secretion. Lamivudine has a short serum half-life (5-7 h), although much of the drug is transported intracellularly and phosphorylated, the active metabolite has a half-life of 12-18 h [23] . The dose of lamivudine should be adjusted in patients with renal impairment [24] . Active lamivudine metabolites are not concentrated in the mitochondria, which may account for the low incidence of mitochondrial toxicity of lamivudine. The most common reported adverse reactions when lamivudine is co-administered with other ARVs (incidence ≥15 %) in adults were constitutional symptoms including headache, nausea, malaise and fatigue, nasal signs and symptoms, and cough [25] . Overdose with lamivudine has not been reported.
Stavudine (d4T)
Stavudine (Zerit™) is a thymidine analogue and a highly potent inhibitor of HIV-1 replication in vitro. About 40 % of stavudine is renally eliminated by glomerular filtration and tubular secretion. The serum half-life is about 1 h. Much of the remainder is transported intracellularly where it is phosphorylated to the active compound with a half-life of 3.5 h. Peripheral neuropathy, observed in about 12 % of patients, is the most important adverse effect of stavudine [26] . Neuropathy is thought to be dose-dependent manifestation of mitochondrial toxicity. Lipoatrophy, also seen with stavudine, is likely also caused by mitochondrial toxicity. Stavudine is not frequently used because of toxicity. Overdose with stavudine has not been reported.
Tenofovir (TDF)
Tenofovir (Viread™) is an acyclic nucleotide diester analog of adenosine monophosphate. It is the only nucleotide analog that is marketed for HIV. Tenofovir has a serum half-life of 14 to 17 h. It is renally eliminated and actively secreted by the renal tubules [27] . Tenofovir is used alone in mono-infected HBV patients or in combination with other ARVs for treatment of HIV-1. Combination includes efavirenz/emtricitabine/tenofovir (Atripla™), emtricitabine/rilpivirine/tenofovir (Complera™), and emtricitabine/tenofovir (Truvada™.) Long-term tenofovir use is associated with a decrease in glomerular filtration rate [28] . The most common adverse reactions observed in tenofovir clinical trials were gastrointestinal upset (nausea, emesis, and abdominal pain) and dizziness. There have been rare cases of proximal renal tubular dysfunction, or Fanconi syndrome. This is characterized by glucosuria, hypophosphatemia, and renal tubular acidosis from diminished bicarbonate reabsorption [29] . Among patients with pre-existing renal insufficiency, long-term tenofovir is associated with nephrotoxicity and should be avoided [30] . This is also true when the patient is simultaneously taking other nephrotoxic medications, as this too predisposes the patient to tenofovir-induced renal dysfunction. Overdose with tenofovir has not been reported.
Zidovudine (ZDV, AZT)
Zidovudine (AZT, Retrovir ™), a pyrimidine analogue, has an azido group substituting for the 3' hydroxyl group on the ribose ring. Zidovudine is rapidly glucuronidated by firstpass hepatic metabolism and the serum half-life is 1 h. However, the intracellular triphosphate has a half-life of 3-4 h [31] . Clinical use of this drug has evolved from use as monotherapy to use in combination with other ARVs. Initially, patients may experience anorexia, fatigue, myalgias, and insomnia, although these symptoms may resolve spontaneously with continued use. With long-term use, the predominant adverse effect of zidovudine is myelosuppression, specifically neutropenia and anemia, which have been shown to occur in 16 % and 24 % of patients, respectively [32] . Zidovudine is associated with myopathy, lactic acidosis, and hepatic steatosis resulting from mitochondrial toxicity, which we will discuss below. Zidovudine overdose has been observed in neonates receiving postnatal HIV prophylaxis. In most cases, there was a self-limited lactic acidosis and neutropenia. One newborn died from sepsis due to neutropenia [5, 6] .
Common Toxicities Associated with Nucleoside Reverse Transcriptase Inhibitors
Mitochondrial Toxicity
Manifestations of mitochondrial toxicity are regarded as the most significant adverse effects of the NRTI class and are associated with the development of key drug-limiting toxicities. Newer drugs have less propensity for causing mitochondrial toxicity, so the incidence may be declining even as more patients undergo NRTI treatment. Mitochondrial toxicity of NRTI results from NRTI inhibition of a mitochondrial DNA (mtDNA) polymerase. NRTIs are effective at inhibiting HIV replication because of their high affinity for the viral DNA polymerase, reverse transcriptase (RT). However, the NRTIs can also inhibit structurally similar human DNA polymerases, such as mtDNA polymerase ɤ. This polymerase is responsible for replication of mtDNA [33] . Inhibition of mtDNA polymerase ɤ leads to the depletion of mtDNA, resulting in production of dysfunctional mitochondrial protein. As the proportion of dysfunctional mitochondrial protein accumulates, the mitochondria become unable to perform critical metabolic functions, such as oxidation of fatty acid and oxidative phosphorylation. Disruption of oxidative phosphorylation results in increased production of reactive oxygen species due to leakage of electrons from the electron transport chain [34] . These reactive oxygen species lead to further damage of proteins, lipids, and DNA. Over time, accumulation of dysfunctional mitochondria results in clinical signs and symptoms.
There are four major types of NRTI mitochondrial toxicity. These include NRTI-induced myopathy, neuropathy, lipoatrophy, and lactic acidosis, with or without hepatic steatosis [33, 35, 36] . Mitochondria are present in most human cells, with erythrocytes being a notable exception. The propensity for different NRTIs to cause toxicity in different tissues may have to do with the relative distribution of different thymidine kinases in different tissues. These enzymes phosphorylate NRTIs to their active compounds. If more of the NRTI is activated by a thymidine kinase in a given tissue, the possibility of toxicity may be greater [37] .
Myopathy
Myopathy is a clinical manifestation of mitochondrial toxicity that is most commonly seen with zidovudine. Myopathy is caused by NRTI inhibition of muscle mtDNA polymerase ɤ and the resultant depletion of muscle mtDNA. Zidovudine also induces myocyte oxidative stress and reduces cellular Lcarnitine levels independently of mtDNA damage [38] . Symptoms of myopathy include proximal muscle tenderness and myalgias. Most patients will have an accompanying elevated serum creatine phosphokinase (CPK) [39] [40] [41] . Histologically, the myopathy is characterized as inflammatory, with raggedred fibers present on trichrome stain [41] . A consequence of the structurally and functionally abnormal mitochondria is that long-chain fatty acids cannot be effectively utilized. This results in lipid accumulation within the muscle [42] . There is no specific therapy for NRTI-induced myopathy. The NRTI (usually zidovudine) should be discontinued, and the patient can be started on another drug in the class. In a group of patients with zidovudine-associated myopathy, CPK normalized within 4 weeks of discontinuation, and symptoms improved within 8 weeks [43] .
Lipoatrophy
Lipoatrophy describes the asymmetric loss of body fat from the face and extremities often seen in HIV-infected patients. Loss of fat from deep and superficial areas around temporal, cheek, and periorbital areas can be significant, resulting in an emaciated appearance (see Fig. 1 ). Lipoatrophy has been considered part of a larger group of changes in body fat distribution known as lipodystrophy. Lipodystrophy consists of a combination of lipoatrophy and lipid accumulation in the trunk. Because some drugs predispose to fat accumulation and others predispose to fat atrophy, lipodystrophy may actually be two syndromes occurring simultaneously. Lipid accumulation is likely more related to protease inhibitor therapy, and lipoatrophy is more closely associated with NRTIs, although this is difficult to study because the drugs are often administered together. Lipodystrophy has been associated with HIV infection itself, although it is not related to viral load or CD4 count [44] . Lipdystrophy does not directly cause harm but does contribute to poor self-image among HIV-infected patients and may hurt drug adherence when patients perceive that the drugs are causing a change in appearance.
Lipoatrophy has been associated with decreases in mtDNA in subcutaneous fat [45] . The duration of NRTI use and the use of NRTIs with strong inhibition of mtDNA are the most important risk factors for development of lipoatrophy. Stavudine, a strong in vitro inhibitor of mtDNA, is particularly associated with lipoatrophy. Lipoatrophy can be addressed by switching patients to another NRTI. Switching patients from stavudine to abacavir (preferred) or zidovudine improved fat distribution in HIV-infected patients [46] .
Neuropathy
Sensory neuropathies remain the most frequent neurological disorders associated with HIV infection and its treatment with ARV [47, 48] . There are at least five forms of HIV-associated peripheral neuropathies including distal symmetric polyneuropathy (DSP), inflammatory demyelinating polyneuropathy (IDP), mononeuritis multiplex (MM), progressive polyradiculopathy (PP), and autonomic neuropathy. Different forms of peripheral neuropathy occur with increased frequency at particular stages of HIV infection [49] . In patients with preserved immune function, IDP is more commonly observed. Inflammatory demyelinating polyneuropathy is characterized by progressive weakness, paresthesias, and the development of mild sensory loss and areflexia. As immunocompetence wanes, other types of peripheral neuropathy predominate, including PP and MM, which may be secondary to opportunistic infections such as cytomegalovirus. Progressive polyneuropathy is characterized by lower extremity weakness, saddle distribution anesthesia, sphincter dysfunction, and impaired reflexes while mononeuritis multiplex is more consistent with multifocal cranial and peripheral neuropathies such as foot or wrist drop and facial weakness. Overall, DSP is the most common form of peripheral neuropathy in HIV infection and is characterized by distal symmetric numbness, tingling, and burning sensations in a stocking-glove distribution along with depressed ankle reflexes [49] . There are two major types of HIV-associated distal sensory peripheral neuropathies: primary HIV-associated distal sensory polyneuropathy and antiretroviral toxic neuropathy, which affect the majority of patients with advanced HIV disease [49, 50] . Antiretroviral toxic neuropathy is the most common toxicity of antiretroviral therapy in sub-Saharan Africa [51] . Lastly, autonomic neuropathy is more commonly observed in patients with AIDS and characterized by manifestations of an impaired sympathetic and parasympathetic nervous system. Failure of the sympathetic nervous system can present as orthostatic hypotension, syncope, diarrhea, and anhidrosis while parasympathetic dysfunction is associated with resting tachycardia, urinary dysfunction, and sexual dysfunction [49] . While peripheral neuropathy is known to complicate untreated HIV infection, most cases result from exposure to NRTI, particularly the dideoxynucleosides didanosine, zalcitabine, and stavudine [52, 53] .
There is evidence that NRTI-associated peripheral neuropathy is caused by interference with mtDNA synthesis and inhibition of DNA polymerase [49] . Reduced mtDNA levels in subcutaneous fat obtained by punch skin biopsies have been associated with antiretroviral toxic neuropathy [54] . In a rat model, animals treated with zalcitabine developed a dosedependent axonal neuropathy with abnormal mitochondria within the axons [55] . The relative specificity of some NRTIs for nerve tissue may be due to increased distribution of certain thymidine kinases in nerve tissue [56] .
Hepatic Steatosis
Hepatic steatosis has also been reported in conjunction with NRTI use [57] . Mitochondria are responsible for generating energy from the β-oxidation of fatty acids. β-oxidation of fatty acid chains with an even number of carbon atoms produces acetyl-CoA, which can then be used in the citric acid cycle. Β-oxidation of fatty acids with an odd number of carbon atoms produces both acetyl CoA and propionyl CoA. The latter then is converted into succinyl-CoA and fed into the citric acid cycle [58] . Decreased mitochondrial beta β-oxidation of fatty acids results in esterification of triglycerides, which accumulate in the liver. Hepatic steatosis usually occurs in conjunction with hyperlactatemia and can be fatal [59] .
Hyperlactatemia and Lactic Acidosis
Hyperlactatemia is the most concerning manifestation of mitochondrial toxicity, although the incidence is expected to decrease as the use of older NRTIs becomes less common. The severity ranges from mild hyperlactatemia without acidosis to severe lactic acidemia. Lactate accumulation results from overproduction of lactate along with decreased ability to oxidize lactate. Lactate accumulation occurs when mitochondrial toxicity results in insufficient oxidative phosphorylation. Under such condition, pyruvate is metabolized to lactate rather than acetyl CoA. Sustained elevations of blood lactate levels indicate decreased uptake by tissues (notably the liver) that normally oxidize lactate or use it as a substrate for gluconeogenesis. Hepatic dysfunction may be an essential prerequisite for the development of lactate accumulation since the liver is the most important organ with respect to lactate metabolism.
The clinical manifestations of NRTI-associated hyperlactatemia are nonspecific and include malaise dyspnea, abdominal pain, nausea, vomiting, weight loss, tachypnea, dyspnea, seizures, changes in mental status, dysrhythmias, and heart failure. Laboratory studies may indicate anemia, leukopenia, as well as elevations in CPK, lipase, and aminotransferases. Imaging may reveal hepatic steatosis [60] .
The prevalence of NRTI-associated hyperlactatemia depends on the case definition chosen by the investigator, the specific NRTIs used in the cohort, and characteristics of the population. The least severe presentations are seen the most. The most common presentation is that of mild hyperlactatemia. The incidence of symptomatic mild hyperlactatemia was estimated to be 20.9 cases in 1,000 patient-years in one series. In all ten cases described by the authors, the patients were taking stavudine along with at least one other ARV medication. The cases had mean lactate concentrations of 4.4 mmol/L, and all had hepatic steatosis [61] . The severity of illness in this cohort was mild. One patient was hospitalized and none died.
The incidence decreases when investigators consider only patients with more elevated lactate concentrations. A prospective cohort study in Australia found 3.9 cases of severe hyperlactatemia (lactate >5 mmol/L) with hepatic steatosis per 1,000 patient years. In the same cohort, investigators identified 9.7 cases per 1,000 patient years in which patients had mildly elevated lactate (<5 mmol/L) and mild symptoms that resolved when NRTI therapy was stopped. Many more patients had asymptomatic mild lactate elevations (<5 mmol/L.) In the majority of patients, lactate rose at the start of therapy but then stabilized at a mildly elevated concentration. Approximately 45 % of patients were on stavudine and 29 % on zidovudine [62] . For the most severe manifestation of this condition, the incidence is even lower. The incidence of severe lactic acidemia (hyperlactatemia and pH<7.4) was 0.85 per 1,000 patient-years in another large cohort. The median lactate in these patients was 6.5 mmol/L, and the mortality was 33 % [63] .
Reports demonstrate that the great majority of patients taking NRTIs do not experience significant mitochondrial toxicity. When mitochondrial toxicity occurs, the onset does not occur at a predictable point in therapy. It is generally agreed that mitochondrial toxicity from NRTIs occurs after a threshold of mitochondrial dysfunction has occurred, but the timing of this is variable during the course of therapy. Cases have occurred from 1-20 months after the start of NRTI therapy [63] . The unpredictability of mitochondrial toxicity is attributed to a multitude of factors. Differential susceptibility to NRTIs may result from variability in energy requirements among tissues and variants in DNA polymerase. Clinically, female gender, advanced immunosuppression, and possibly ethnicity have been cited as factors that play a role in increasing an individual's risk for hyperlactatemia/lactic acidosis [64] . To further emphasize the complexity and multifactorial nature of this problem, mitochondrial dysfunction has also been reported in HIV-infected individuals who are naïve to ARVs [65] .
All NRTIs have been implicated in hyperlactatemia, but some drugs are more likely to cause the problem than others. Mitochondrial toxicity due to NRTI use in HIV-infected adults has been reported most often in patients taking zidovudine, lamivudine, stavudine, and didanosine. In vitro, the potencies of inhibition of mtDNA synthesis by the NRTIs tested were zalcitabine (no longer available in US)>didanosine>stavudine> zidovudine>lamivudine=abacavir=tenofovir [66] .
The initial diagnosis of mitochondrial toxicity can be challenging in mildly symptomatic patients. Routine lactate assessment in asymptomatic patients is not indicated [67] . Lactate concentration should be obtained in patients taking NRTIs who have fatigue, nausea, vomiting, or vague abdominal pain. There is no specific therapy for NRTI-associated mitochondrial toxicity. Patients with asymptomatic hyperlactatemia may be switched to an NRTI associated with less risk of hyperlactatemia, such as abacavir, lamivudine, or tenofovir.
In symptomatic patients, all HIV medications should be stopped. Supportive care is the mainstay of therapy. Some authors recommend administration of metabolic cofactors [63] . However, the evidence supporting these interventions is weak, the risk is very low as well. Riboflavin is a precursor for the electron transport chain cofactors flavin mononucleotide and flavin adenine dinucleotide. Carnitine facilitates the passage of fatty acids into the mitochondrial matrix where beta-oxidation can occur. Thiamine is an essential cofactor for several metabolic processes, including the conversion of pyruvate to acetyl CoA by the pyruvate dehydrogenase complex. A reasonable regimen would include carnitine 50 mg/kg intravenously once, followed by 50 mg/kg over 24 h divided into six doses, riboflavin 100 mg twice daily, and thiamine 100 mg daily [68] [69] [70] .
Resolution of hyperlactatemia requires mtDNA to be replenished. Normal lactate concentrations are preceded by normalization of mtDNA concentrations. In a series of patients with NRTI-associated hyperlactatemia, 4-28 weeks were required for lactate normalization [71] . After recovery, a new antiretroviral regimen should be reinstituted in consultation with the patient's HIV provider. Nonnucleoside reversetranscriptase inhibitors and PIs lack affinity for mtDNA polymerases [35] . Combinations of NNRTIs and protease inhibitors could be a safe treatment regimen for these patients.
Non-nucleoside Reverse Transcriptase Inhibitors
Nonnucleoside reverse transcriptase inhibitors bind to a hydrophobic pocket adjacent to the active site of reverse transcriptase and cause a conformational change that reduces the ability of nucleosides to be added to the growing DNA chain. In general, the NNRTIs have a lower incidence of adverse effects in comparison to the NRTIs (Table 3) . When used as single agent, the drugs quickly suppress viral replication, but resistance and virologic relapse soon develop [72] . With the exception of etravirine and rilpivirine, resistance develops with the substitution of a single amino acid at the NNRTI binding site. The drugs must be used as part of multidrug therapy to prevent resistance. All NNRTIs are hepatically metabolized. Nevirapine and delavirdine are metabolized primarily by CYP3A4, while efavirenz is metabolized by CYP2B6 as well.
As a group, the NNRTIs share some adverse effects. They cause rash, which frequently resolves early in therapy. In very rare cases, Stevens-Johnson syndrome and toxic epidermal necrolysis have occurred.
Nevirapine (NVP)
Nevirapine (Viramune™) is metabolized by CYP3A4 and CYP2B6. The serum half-life is 25-50 h. Nevirapine induces its own metabolism, so half-life will shorten within the first few weeks of therapy. Nevirapine is associated with a nonpruritic rash in 16 % of patients, although there are reports of it occurring in as many as 50 % of patients who receive 400 mg/day. Elevated aminotransferases are observed in 14 % of patients but frank hepatitis in only 1 % [73] . An 8-day-old girl was inadvertently administered a 40-fold overdose of nevirapine when Viramune™ was confused with Viracept™ [73] . The patient experienced mild neutropenia and a peak lactate of 2.4 mmol/L but recovered.
Efavirenz (EFV)
Efavirenz (Sustiva™) is metabolized by CYP2B6 and CYP3A4. The serum half-life is 40-55 h. Efavirenz is associated with CNS effects. As many as 53 % of patients report mood problems, insomnia, or disturbing dreams. Fewer than 5 % discontinue the drug because of CNS effects. Rash, characterized by blistering or moist desquamation, was reported in 27 % of patients. Ulceration was present in 1 % [73] . An ingestion of 3 g efavirenz in a 12-year-old boy resulted in tremors, screaming at night, and motor deficits in lower limbs.
All symptoms resolved [74] . Overdoses of efavirenz have been associated with transient CNS disturbances [75, 76] .
Etravirine (ETR)
Etravirine (Intelence™) is metabolized by CYP3A4, 2C9, and 2C19. The serum half-life is 41 h. As with other NNRTIs, etravirine is associated with rash. In one series, eruption was present in 17 % of patients and resolved in several weeks. Only 2 % of patients discontinued the drug because of rash [77] . Overdose of etravirine has not been reported.
Delavirdine (DLV)
Delavirdine (Rescriptor™) is metabolized by CYP3A4. The serum half-life is 5.8 h. Because of the relatively short halflife, the drug requires three-times-daily dosing and has fallen out of favor. The maculopapular rash occurs in 18-36 % of patients. As with the other NNRTIs, the rash resolves after a few weeks. There have been rare reports of neutropenia, possibly a result of zidovudine co-administration [78] . Overdose of delavirdine has not been reported.
Protease Inhibitors
Cleavage of the HIV virion by HIV protease is necessary for HIV replication and release from infected cells. Protease inhibitors inhibit HIV replication by binding to the active site of the HIV protease enzyme [79] . PIs which are Food and Drug Administration (FDA)-approved for use in HIV include saquinavir, lopinavir, darunavir, indinavir, tipranavir, atazanavir, nelfinavir, fosamprenavir, and ritonavir.
PIs are primarily metabolized by CYP3A4 (with the exception of nelfinavir), and all inhibit the enzyme. Ritonavir is a PI and strong inhibitor of CYP3A4. However, due to GI intolerance, ritonavir is rarely used at doses that inhibit HIV protease. Rather, lower-dose ritonavir is co-administered with other PIs as a pharmacologic "booster" to decrease CYP metabolism, increase drug concentrations, and therefore decrease pill burden of the PI.
In general, the PIs are tolerated well. As with other ARVs, there are few reports of overdose, and most toxicity is described after long-term use. Gastrointestinal effects are the most common. Abdominal pain, nausea, vomiting, and diarrhea frequently occur but often resolve after starting treatment. In addition to gastrointestinal effects, there are several other adverse effects shared among PIs (Table 4) .
Patients on ARVs have higher total cholesterol, LDL, trigylcerides, and lower HDL. Because ARVs are administered in combination, it is difficult to separate out the effects of specific drugs. Nevertheless, PIs are thought to be an important contributor to dyslipidemia [80] . The mechanism is probably related to increased hepatic very low-density lipoprotein Ref [72] [73] [74] [75] [76] [77] Central nervous system (CNS) manifestations=abnormal mood, delusions, and insomnia; dyslipidemia=abnormal amount of lipids in the blood, including hypercholesterolemia and hypertriglyceridemia secretion [81] . There are variations in lipid effects within the PI class. Atazanavir appears to be associated with less dyslipidemia while lopinavir and ritonavir are associated with more dyslipidemia [82] . In large observational studies, there appears to be an increased risk for cardiovascular events in patients on PIs compared with other HIV medications. Some of this risk was associated with dyslipidemia [83] . Other cohorts have not shown an increased risk for cardiovascular disease for patients on any type of ARV [84] . The reason for this discrepancy is not clear but will hopefully be clarified as more data are available. Protease inhibitors have been associated with development of insulin resistance and type II diabetes [85] . The effect may be greatest with indinavir, lopinavir, and ritonavir and may be absent in atazanavir [86] . The mechanism is likely related to PI interference with glucose transporters [87] .
There is no specific management for cardiovascular disease and lipid abnormalities in the patient on PIs. Clinicians should work to manage cardiovascular risk factors and encourage lifestyle modifications in HIV-infected patients as they would for other patients. Patients with lipid abnormalities who are taking a PI associated with that effect may be switched to atazanavir or a NRTI that is not associated with lipid effects.
Lipodystrophy describes changes in fat distribution that have been traditionally associated with PIs. Lipodystrophy has been noted with up to an 83 % prevalence, especially with inidavir, nelfinavir, and saquinavir/ritonavir combination [88] . As discussed earlier in the NRTI section, lipoatrophy may be a manifestation of mitochondrial toxicity while lipid accumulation may be related to protease inhibitors or have multifactorial causes.
Saquinavir (SQV)
Saquinavir (Invirase™) became the first FDA-approved PI in 1995. Saquinavir was initially marketed as single agent therapy, but viral resistance quickly developed. Saquinavir is rapidly metabolized by CYP3A4 via first-pass hepatic metabolism. When coformulated with ritonavir (currently the only available formulation), the bioavailability of saquinavir is much higher [89] . Common adverse effects of saquinavir include nausea, diarrhea, and abdominal discomfort. Saquinavir is no longer commonly used, and overdose has not been reported.
Lopinavir (ABT)
Lopinavir is metabolized by CYP3A4 and is coformulated with ritonavir (Kaletra™) to increase concentrations and decrease dosing frequency. Diarrhea, nausea, and abdominal pain are common with lopinavir/ritonavir [90] . Lopinavir/ ritonavir is more likely than other combinations to cause hypertriglyceridemia [82] . Large cohort studies have linked its cumulative exposure with an increased risk of myocardial infarction (MI). An intentional overdose of 54 g of lopinavir and 13.5 g of ritonavir resulted in abdominal pain, vomiting, and headache, but the patient's symptoms resolved spontaneously [91] .
Darunavir (DRV)
Darunavir (Prezista™) is a nonpeptidic protease inhibitor metabolized by CYP3A4. When combined with ritonavir the serum half-life is 15 h [92] . Darunavir has a lower incidence of glucose intolerance, hypertriglyceridemia, and increased total cholesterol compared with lopinavir [93] . In clinical trials, the most common adverse effects were diarrhea (20 %), nausea (18 %), and headache (15 %) [94] . A pediatric patient received four times the recommended dose of darunavir for 14 weeks and achieved improved virus suppression without adverse effect [95] .
Indinavir (IDV)
Indinavir (Crixivan™) was one of the first PIs to be commercially available. Because of toxicity, indinavir has been supplanted by other PIs. Indinavir is metabolized by CYP3A4 and has a serum half-life of 1.8 h when administered without ritonavir [96] . The most important adverse effect of indinavir is nephrolithiasis, which can occur early in the treatment course but has been reported as late as three and one-half years after cessation of the drug [97] . The prevalence ranges from 3-15 % [98] . The drug is poorly soluble in water and forms crystals in the renal collecting system [99] . Indinavir causes fewer GI problems compared with other PIs. As with atazanavir, unconjugated hyperbilirubinemia has been observed [96] . Insulin resistance and hyperglycemia are common relative to other PIs. A review of 79 intentional overdoses and supratherapeutic ingestions showed gastrointestinal toxicity and nephrolithiasis but no deaths [100] .
Ritonavir (RTV)
Ritonavir (Norvir™) is metabolized by CYP3A4 (major) CYP2D6 (minor) and has a serum half-life of 3-5 h. Ritonavir induces its own metabolism [89] . Ritonavir is rarely used at doses with PI activity. Rather, ritonavir is used with other PIs as a pharmacokinetic enhancer or "booster." Ritonavir is associated with dose-dependent nausea, vomiting, and abdominal pain, especially early in the treatment course. Ritonavir boosting appears to be associated with hypertriglyceridemia. This is likely both a direct effect of the ritonavir and associated with increased concentrations of the boosted PI [81] . Overdose of ritonavir has not been reported.
Tipranavir (TPV)
Tipranavir (Aptivus™) is active against strains of HIV with resistance to other PIs. Metabolism of tipranavir is via CYP3A4, and serum half-life is 5-6 h [101] . Tipranavir is administered with ritonavir. Tipranavir exhibits more hepatotoxicity than other PIs. This effect is thought to be more severe in patients with hepatitis B or C. Several patients in clinical trials had fatal hepatotoxicity, and the drug was given an FDA boxed warning [102] . Significant aminotransferase elevations were observed in more than 10 % of patients in clinical trials [103] . Diarrhea, nausea, and fatigue were also common in clinical trials. Tipranavir also received an FDA boxed warning for intracranial hemorrhages, although the incidence was low. From a case-control study, some authors concluded that 455-5,000 HIV-infected patients treated with tipranavir would result in one excess intracranial hemorrhage [104] . This effect may be related to decreased platelet aggregation and thromboxane B2 formation [105] . Overdose of tipranavir has not been reported.
Atazanavir (ATV)
Atazanavir (Reyataz™) is metabolized by CYP3A4. At typical doses, the serum half-life is 7 h [106] . Atazanavir is associated with an unconjugated hyperbilirubinema from inhibition of UDP-glucuronosyl transferase. In one cohort, clinical jaundice was present in 5 % of patients, although hepatotoxicity was rare [107] . Compared with other PIs, atazanavir is associated with less hyperlipidemia and glucose intolerance. Long-term use of boosted atazanavir is associated with decreased renal function [28] .
Nelfinavir (NFV)
Nelfinavir (Viracept™) is metabolized mainly by CYP2C19 but also by CYP3A4 and CYP2D6. The serum half-life is 3.5-5 h [89] . Because nelfinavir induces its own metabolism, trough concentrations at 1 week are about half of those at day 2 [108] . Although nelfinavir is not associated with glucose intolerance or lipid effects, it is not frequently used because it requires a fatty meal for adequate absorption and is not boosted by ritonavir. Diarrhea is frequently reported in patients taking nelfinavir [108] . Overdose of nelfinavir has not been reported.
Fosamprenavir (FPV)
Fosamprenavir (Lexiva™) is a prodrug of the PI amprenavir, which is no longer marketed. Amprenavir is metabolized by CYP3A4 and can be dosed once daily when administered with ritonavir [109] . Fosamprenavir use is associated with nausea, vomiting, and diarrhea. A drug eruption has been seen in 8 % of patients within 2 weeks of starting the drug [109] . Unlike other protease inhibitors, fosamprenavir does not have strong metabolic lipid effects. Overdose of fosamprenavir has not been reported.
Entry Inhibitors
Combination of ARVs has led to the improved survival of patients infected with human immunodeficiency virus type 1. However, even with the advent of combination ARV therapy, there is still the persistence of drug resistance. Newer agents target different areas of the viral replication cycle with the intent of reducing the development of resistance and thus improving survival. The entry inhibitors interfere with the binding of the HIV virion to the human cell.
Enfuviritide (T-20)
Enfuvirtide (Fuzeon™), the first of the entry inhibitors, was approved by the FDA in 2003. Enfuvirtide must be administered parenterally and is added to therapy in patients who have viral replication despite standard therapy. Enfuvirtide binds to the gp41 envelope of the HIV membrane, preventing a conformational change of the glycoprotein which allows for fusion of the viral and cellular membranes. Enfuvirtide inhibits both virus-to-cell and cell-to-cell HIV transmission [110] . The exact pathway of enfuvirtide metabolism is unknown; however, in vitro metabolism of enfuvirtide undergoes a non-NADPH dependent hydrolysis. The serum half-life is 3.8 h [111] . Common adverse events found with enfuvirtide include local site reactions of pain, erythema, pruritis, and induration. Rare adverse events include systemic hypersensitivity reaction, glomerulonephritis, thrombocytopenia, hyperglycemia, pneumonia, and pancreatitis [111] . Overdose has not been reported.
Maraviroc (MVC)
Maraviroc (Selzentry™) was approved for use in the US in 2007. Maraviroc is a substrate for CYP3A4 and has a serum half-life of 10.6 h [112] . Maraviroc is the first approved antagonist of chemokine co-receptor 5 (CCR5). The CCR5 antagonists are considered to be a separate class or a subtype of the entry inhibitors. Maraviroc is a negative allosteric modulator of the CCR5 receptor, which is found on macrophages and T cells, preventing the HIV protein gp120 from binding the receptor and thus gaining entry into the cell. A tropism assay is required prior to use because maraviroc only has antiretroviral activity if the individual is infected with HIV that uses CCR5 exclusively. The drug does not affect another chemokine receptor, CXCR4, which is used by some HIV virions to gain access to the T lymphocyte.
Common adverse events found with maraviroc include diarrhea, nausea, fatigue, and headache. In clinical trials, there was no statistically significant difference in these effects noted between placebo and maraviroc arms [113] . Increased aminotransferases were observed in maraviroc patients as compared with patients on non-maraviroc therapy, but no significant difference in the number of patients with large aminotransferase elevations. Nonetheless, maraviroc has an FDA boxed warning regarding hepatotoxicity. Overdose has not been reported with maraviroc.
Integrase inhibitor
Raltegravir (RAL)
Raltegravir (Isentress™), the first integrase inhibitor, was approved by the FDA in 2007. The incorporation of the HIV genome into host DNA is called integration. This process is catalyzed by integrase, an enzyme not present in humans [114] . Raltegravir prevents integrase insertion essential for endonucleolytic processing of viral DNA ends, and the subsequent strand transfer of viral and cellular DNA. Raltegravir is metabolized hepatically through the uridine diphosphate glycuronosyltransferase-mediated glucuronidation. Elimination of raltegravir is biphasic. The alpha elimination half-life is 1 h, and the terminal phase is about 9 h [115] . Common adverse effects are nausea, dizziness, headache, insomnia, and fatigue. In clinical trials, overall adverse events were similar between the raltegravir and optimal background therapy arms [116] . Serious adverse events, found in less than 2 % of recipients, include Stevens-Johnson syndrome, toxic epidermal necrolysis, hypersensitivity reaction, rhabdomyolysis, and renal failure. Overdose has not been reported with raltegravir.
Conclusion
Antiretrovirals have allowed people infected with HIV to live normal lives. Adverse effects are inevitably seen with all medications. It is rare to encounter patients with intentional overdose of ARVs. Rather, the clinician will encounter adverse effects of ARVs in patients taking the medications in recommended therapeutic doses. The most consequential of these effects result from mitochondrial toxicity from NRTIs. Patients with this condition may present with a host of nonspecific symptoms. Mitochondrial toxicity may manifest itself as myopathy, neuropathy, or most consequentially, lactic acidosis. The incidence of lactic acidosis is decreasing because the drugs that are most likely to cause it, didanosine, stavudine, and zalcitabine, are used much less frequently. However, because the sheer number of patients on NRTI therapy is still rising, mitochondrial toxicity will continue to occur. Lactate concentration should be obtained in patients taking NRTIs who have fatigue, nausea, vomiting, or vague abdominal pain. The key to management of this complication is supportive care.
